The adaptive mechanisms that protect brain metabolism during and after hypoxia, for instance, during hypoxic preconditioning, are coordinated in part by nitric oxide (NO). We tested the hypothesis that acute transient hypoxia stimulates NO synthase (NOS)-activated mechanisms of mitochondrial biogenesis in the hypoxia-sensitive subcortex of wild-type (Wt) and neuronal NOS (nNOS) and endothelial NOS (eNOS)-deficient mice. Mice were exposed to hypobaric hypoxia for 6 h, and changes in immediate hypoxic transcriptional regulation of mitochondrial biogenesis was assessed in relation to mitochondrial DNA (mtDNA) content and mitochondrial density. There were no differences in cerebral blood flow or hippocampal PO 2 responses to acute hypoxia among these strains of mice. In Wt mice, hypoxia increased mRNA levels for peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1 ␣), nuclear respiratory factor-1, and mitochondrial transcription factor A. After 24 h, new mitochondria, localized in reporter mice expressing mitochondrial green fluorescence protein, were seen primarily in hippocampal neurons. eNOS Ϫ/Ϫ mice displayed lower basal levels but maintained hypoxic induction of these transcripts. In contrast, nuclear transcriptional regulation of mitochondrial biogenesis in nNOS Ϫ/Ϫ mice was normal at baseline but did not respond to hypoxia. After hypoxia, subcortical mtDNA content increased in Wt and eNOS Ϫ/Ϫ mice but not in nNOS Ϫ/Ϫ mice. Hypoxia stimulated PGC-1␣ protein expression and phosphorylation of protein kinase A and cAMP response element binding (CREB) protein in Wt mice, but CREB only was activated in eNOS Ϫ/Ϫ mice and not in nNOS Ϫ/Ϫ mice. These findings demonstrate that hypoxic preconditioning elicits subcortical mitochondrial biogenesis by a novel mechanism that requires nNOS regulation of PGC-1␣ and CREB.
Introduction
The mammalian brain is exquisitely sensitive to neuronal damage by hypoxia because of its high metabolic rate for oxygen (CMRO 2 ), relatively low capillary density, and scant reserves of substrate and high energy phosphate. If the hypoxia is not too severe, the brain recruits protective mechanisms that help meet its continuous demand for energy production by mitochondria (Semenza and Wang, 1992; Levy et al., 1995; Bunn and Poyton, 1996) . This is exemplified by hypoxic preconditioning (Sharp et al., 2004) , in which previous exposure to hypoxia leads to neuroprotection from subsequent hypoxic exposure. Other highly aerobic tissues, such as the heart, adapt to hypoxia by mechanisms that include increased mitochondrial mass and therefore respiratory capacity (Ou and Tenney, 1970; Meerson et al., 1972 Meerson et al., , 1973 Eells et al., 2000) . Such data suggest that augmentation of bioenergetic capacity through mitochondrial biogenesis, the generation of new mitochondria, could improve the ability of certain cells to survive a hypoxic stress.
Mitochondrial biogenesis requires the expression of several hundred gene products for proteins that make up the functional and structural organelle, and, although the mitochondrial genome encodes for only 13 of these, oxidative phosphorylation depends on them. Two classes of transcriptional regulators also enable communication between the nuclear and mitochondrial genomes: nuclear DNA-binding transcription factors such as nuclear respiratory factors 1 and 2 proteins (NRF-1 and NRF-2), which mediate expression of multiple nuclear genes encoding for mitochondrial proteins, including subunits of the respiratory chain complexes (Scarpulla, 1997) , the rate-limiting heme synthesis enzyme (Braidotti et al., 1993) , and factors needed for mitochondrial DNA (mtDNA) replication and transcription including mitochondrial transcription factor A (Tfam) (Virbasius and Scarpulla, 1994) . Also, nuclear coactivators, typified by peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣), impact on nuclear-mitochondrial communication by interacting with DNA-binding transcription factors and integrating nuclear gene expression into a program of mitochondrial biogenesis (Puigserver et al., 1998; Wu et al., 1999; Lehman et al., 2000) .
Hypoxia triggers gene transcription for proteins that sustain the O 2 supply to tissues and enhance cell survival during O 2 deprivation, for instance via hypoxia-inducible factor-1 (Semenza and Wang, 1992; Levy et al., 1995; Bunn and Poyton, 1996) . In the brain, some of the adaptive hypoxic responses are regulated by nitric oxide (NO) (Mishra et al., 2006) , and the molecule has a key role in mitochondrial biogenesis in adipocyte and fibroblast lines via soluble guanylate cyclase-sensitive (sGC) cGMPdependent induction of PGC-1␣ (Nisoli et al., 2003 (Nisoli et al., , 2004 . The hippocampus is particularly vulnerable to global hypoxia, and we have demonstrated that mitochondrial biogenesis occurs in this brain region in response to the oxidative stress of extreme hyperoxia (Gutsaeva et al., 2006) . We therefore considered whether acute transient cerebral hypoxia stimulates mitochondrial biogenesis in the subcortex, specifically the hippocampus, through an NO-dependent mechanism that converges on activation of key nuclear transcription factors and coactivators. To test this hypothesis, we investigated the effect of hypoxia on mitochondrial biogenesis in the mouse brain and determined the requirement for NO as well the NO synthase (NOS) isoform involved in regulating mitochondrial biogenesis in hypoxic subcortex.
Materials and Methods
Animal procedures and hypoxic exposures. The animal protocol was approved by the Duke University Institutional Animal Care and Use Committee. C57BL/6J wild-type (Wt), endothelial NOS (eNOS)-deficient (eNOS or NOS-3 Ϫ/[minus ] ) mice (strain B6.129P2-Nos3 tm 1Unc /J, C57BL/6J background) and neuronal NOS (nNOS)-deficient (nNOS or NOS-1 Ϫ/Ϫ ) mice (strain B6.129S-Nos1 tm1Plh , C57BL/6J background) were obtained from The Jackson Laboratory (Bar Harbor, ME), crossbred, and raised in the animal facilities of Duke University. Additional NOS-1-deficient mice were generously supplied by Dr. Paul Huang at Harvard Medical School (Boston, MA). Transgenic mice that express green fluorescent protein (GFP) exclusively in mitochondria (mtGFP-tg mice) were obtained from Tokyo, Japan and bred in our facility (Shitara et al., 2001) . The experimental Wt and mutant mice were exposed to hypobaric hypoxia (HH) for 6 h in an altitude chamber at 24,000 feet above sea level (equivalent to 8% O 2 normobaric hypoxia). The control mice breathed sea level air in the same chamber. Another group of Wt mice (n ϭ 8) received the nonselective NOS inhibitor N G -nitro-Larginine methyl ester (L-NAME) (Sigma, St. Louis, MO), administered (30 mg/kg, i.p.) 30 min before the 6 h period of hypoxia. All animals were killed with an overdose of halothane either immediately at the end of 6 h exposure or after 24 or 48 h. The brains were quickly perfused via the aorta with ice-cold 0.9% NaCl, removed en bloc, and rapidly dissected to isolate the subcortex, which was snap frozen in liquid N 2 and stored at Ϫ80°C.
PO 2 was measured in the hippocampus in the Wt and knock-out strains using a platinum needle microelectrode (10 m tip). Mice were anesthetized, intubated, ventilated with 30% O 2 , and placed in a stereotaxic frame. Platinum wire electrodes insulated with epoxy, except the conical tip of 0.5 mm length, were inserted into the dentate gyrus of the hippocampus. O 2 electrodes were calibrated after each experiment in three artificial CSF buffers at 37°C, equilibrated with 100% N 2 (0% O 2 ), 8% O 2 (balance N 2 ), and air (21% O 2 ). Brain PO 2 measurements were conducted in Wt and NOS-deficient strains ventilated with room air, 8% O 2 (balance N 2 ), and room air after hypoxia. The electrodes were used also for regional cerebral blood flow (rCBF) measurements using hydrogen clearance (Demchenko et al., 2005) .
RNA isolation and mRNA expression. RNA was extracted from brain subcortex using Trizol Reagent (Invitrogen, Carlsbad, CA). Reverse transcription was performed with 1 g of total RNA from each sample, random primers, and avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI) in a final volume of 25 l. PCR amplification of mitochondrial and nuclear-encoded cDNA fragments were accomplished using gene-specific primers (Table 1 ). The number of PCR cycles for each set of primers was optimized during the exponential phase of PCR by titration on GelStar-stained 2% agarose gels. The 18S rRNA was used to control for variation in efficiency of RNA extraction, reverse transcription, and PCR for nuclear and mitochondrial RNA gene expression. Quantification of amplified product was performed by gel densitometry, and band intensities were expressed relative to 18S rRNA (Suliman et al., 2003; Gutsaeva et al., 2006) .
DNA extraction and mtDNA content. Genomic DNA was extracted from brain subcortex of normoxic and hypoxic Wt, NOS-1 Ϫ/Ϫ , and NOS-3 Ϫ/Ϫ mice using GenElute Genomic DNA kit (Sigma) and stored at Ϫ20°C. The mtDNA content was quantified by amplification of a region of the mouse cytochrome b gene. Portions of the nuclear-encoded 18S rRNA gene were used to normalize for DNA loading. Quantification of amplified product was performed by gel densitometry and band intensities expressed relative to 18S rRNA.
Nuclear protein preparation. For nuclear protein extracts, brain subcortex of control (0 h) and hypoxic (6 h) Wt, NOS-1 Ϫ/Ϫ , and NOS-3
mice were homogenized and lysed in 0.6% NP-40, 10 mM HEPES, pH 7.6, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM PMSF, 1 mM Na 3 VO 4 , and phosphatase inhibitor cocktails (Sigma). After 5 min on ice, samples were centrifuged for 5 min at 5000 ϫ g. Pellets were resuspended in 80 l of buffer containing 10% glycerol, 20 mM HEPES, pH 7.6, 420 mM NaCl, 1.2 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, 1 mM Na 3 VO 4 , and phosphatase inhibitor cocktail (Sigma). The samples were mixed vigorously and incubated on ice for 30 min and then centrifuged for 5 min at 14,000 ϫ g. The nuclear extracts were stored at Ϫ80°C. Western blot analysis. Protein concentration was determined by the BCA method (Pierce, Rockford, IL) using BSA as a standard. Nuclear proteins (15 g) were separated by SDS-PAGE and electroblotted onto Immobilin-P membranes (Millipore, Bedford, MA). Nonspecific binding was blocked with Tris-buffered saline (TBS)/Tween 20 (TBST) containing 5% nonfat dry milk for 12 h at 4°C. Membranes were incubated with antibody as follows: rabbit polyclonal anti-PGC-1 (1:500; Bethyl Laboratories, Montgomery, TX), rabbit polyclonal anti-phospho-cAMP response element binding (pCREB) protein (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-phospho-cAMPdependent protein kinase (PKA) ␣/␤/␥ catalytic (1:500; Santa Cruz Biotechnology), rabbit polyclonal PKA catalytic (1:800; Santa Cruz Biotechnology), and mouse monoclonal anti-␣-tubulin (1:5000; Sigma). After five washes in TBST, membranes were incubated with anti-rabbit (Santa Cruz Biotechnology) or anti-mouse (Jackson ImmunoResearch, West Grove, PA) horseradish peroxidase-conjugated secondary antibodies. Specific complexes were detected by enhanced chemiluminescence using the ECL system (GE Healthcare, Little Chalfont, UK). Protein expression was analyzed by densitometry (Bio-Rad, Hercules, CA) and normalized to tubulin in the same sample for at least four samples per group.
Immunohistochemistry. For immunohistochemistry and fluorescence microscopy, the brains of control and post-hypoxia mice were perfused transcardially with cold PBS followed by 4% paraformaldehyde in 0.1 M phosphate, pH 7.4. The brains were left in situ for 10 min, removed, postfixed, embedded in paraffin, and sectioned. Brain sections were deparaffinized, hydrated, and intrinsic peroxidase blocked with 3% H 2 O 2 in methanol. Incubation with 10% normal goat serum in TBS, pH 7.6, for 30 min was used to block nonspecific binding. Sections were incubated with 1:200 anti-pCREB (Santa Cruz Biotechnology) in TBS containing 10% normal goat serum and then with biotinylated antirabbit IgG (Vector Laboratories, Burlingame, CA) at 1:200 for 1 h and avidin-biotinylated horseradish peroxidase complex (Vectastain Elite ABC kit; Vector Laboratories) in TBS for 1 h. The slides were developed with DAB and counterstained with hematoxylin. Immunoreactive specificity was confirmed by omitting the primary antibody. Fluorescence imaging. Fluorescence microscopy was performed on Nikon (Tokyo, Japan) Optiphot-2B microscope. Brain sections from control mtGFP-tg mice and at 24 or 48 h after a 6 h period of hypoxia were deparaffinized, rinsed in PBS, pH 7.4, and coverslipped. Fluorescence images were collected using appropriate bandpass filters at excitation wavelengths of 488 nm.
Data analysis. Data are expressed as mean Ϯ SEM. Statistical analysis was performed using Student's t test or ANOVA with Fisher's post hoc comparison. An ␣ of p Ͻ 0.05 was considered significant.
Results

Hypoxia activates transcriptional regulation of mitochondrial biogenesis
To test the hypothesis that hypoxia activates mitochondrial biogenesis in the brain subcortex, we evaluated the expression of NRF-1 and NRF-2, key nuclear transcription factors that regulate critical proteins involved in mitochondrial biogenesis. The mRNA expression levels of the coactivator PGC-1␣ and the mitochondrial transcription factor Tfam, a nuclear gene under transcriptional control by these factors, was also measured in the subcortex of Wt mice before and immediately after 6 h of hypoxia and at 24 and 48 h after exposure onset. These data are shown in Figure 1 A. PGC-1␣ mRNA expression increased twofold after 6 h of hypoxia, remained significantly elevated at 24 h, and returned to control levels by 48 h. A twofold increase in NRF-1 mRNA expression was also detected after 6 h hypoxia, which persisted for 24 h but returned to control levels by 48 h. NRF-2 mRNA levels did not change significantly after hypoxia. Similar to PGC-1␣ and NRF-1, Tfam mRNA expression increased threefold at the end of hypoxia compared with nonhypoxic controls, remained elevated at 24 h, and returned to baseline by 48 h.
Tfam expression should enhance mitochondrial gene transcription and mitochondrial mRNA levels; therefore, steady-state mRNA levels for mitochondria-encoded subunit I of cytochrome c oxidase (COX I) were measured in Wt mice after hypoxia ( Fig. 1 B) . COX I expression increased significantly in the subcortex after hypoxia and was twice the control at 24 h before returning to baseline at 48 h. Because mtDNA replication should increase mtDNA content, the ratio of cytochrome b DNA to nuclear 18S rRNA was measured as a quantitative index of mtDNA content (Suliman et al., 2005 (Suliman et al., , 2006 . Figure 1C shows that, after 6 h hypoxia, mtDNA content increased and reached a maximum by 24 h (approximately twofold) and remained elevated at 48 h. These data indicate that hypoxic signaling through NRF-1 and PGC-1␣ activates mitochondrial biogenesis in the subcortex.
Hypoxia increases PGC-1␣ and CREB protein expression
The expression of PGC-1␣ protein was evaluated by Western analysis of nuclear extracts from brain subcortex in control conditions and immediately after 6 h of hypoxia. Western blotting was performed with antibody to PGC-1␣, and the band densities were normalized to tubulin to verify equal protein loading. PGC-1␣ protein was expressed at low levels under normoxic conditions, and exposure to hypoxia enhanced PGC-1␣ protein expression in brain subcortex by threefold (Fig. 2 A, B) .
CREB is an important transcription factor that regulates PGC-1␣ gene expression (Herzig et al., 2001) and is a prime candidate for activating mitochondrial biogenesis in response to hypoxia. The levels of activated (phosphorylated) CREB protein were quantified by Western in brain subcortex in Wt mice exposed to hypoxia. Nuclear extracts from the subcortex of normoxic and 6 h hypoxic mice were probed with CREB phosphospecific antibodies, and band densities were normalized to tubulin. Hypoxia increased CREB phosphorylation in the subcortex of Wt mice by 2.2-fold compared with normoxic controls (Fig. 2 A, B) .
To test the hypothesis that hippocampus would be particularly receptive to hypoxic activation, immunohistochemistry was used to localize pCREB within the subcortex in Wt animals before and after 6 h hypoxia (Fig. 2C) . Minimal staining for pCREB was found in control sections, but hypoxia led to a significant increase in neuronal immunoreactivity in the hippocampus. In high-magnification images of the dentate gyrus region (Fig. 2C) , staining for pCREB in control sections was low (a), but dense nuclear staining was seen in many neurons in the hypoxic animals (b), indicating nuclear activation of CREB in the hypoxic hippocampus. Specific immunoreactivity was confirmed by the absence of immunostaining when primary antibody was omitted and by demonstrated loss of immunostaining with progressive dilutions of pCREB antisera (data not shown).
Hypoxia stimulates mitochondrial biogenesis in mtGFP-tg mice
Our data indicated that CREB activation in the hypoxic brain subcortex is associated with activation of NRF-1 and PGC-1␣ and mtDNA replication. To localize mitochondrial biogenesis in the brain definitively, we performed fluorescence microscopy in mtGFP-tg mice before and after exposure to acute hypoxia. These animals express fluorescence exclusively in mitochondria and are ideal for localizing and quantifying the organelles (Shitara et al., 2001) . At 24 and 48 h after the onset of 6 h of hypoxia, we found that the main site of increased subcortical mitochondrial fluorescence was the hippocampus. Figure 3A shows representative fluorescence photomicrographs of the hippocampus in control mtGFP-tg mice and at 24 and 48 h after hypoxia. In nonhypoxia exposed controls, mitochondrial localized GFP was present throughout the neuronal cytoplasm in the hippocampus. The nucleus is visible as a central area devoid of staining (Fig.  3Aa,Ad) . By 24 h, mitochondrial fluorescence was enhanced in a perinuclear distribution in focal areas of the hippocampus (Fig.  3Ab,Ae) . Notably, hippocampal neurons did not respond uniformly to hypoxia, and some showed little fluorescence. At 48 h, hippocampal mitochondrial fluorescence still remained above control (Fig. 3Ac,Af ) . By comparison, neuronal fluorescence was scattered and an occasional bright cell was detected in the brain cortex (Fig. 3B) . Typically, no significant increase in cortical fluorescence was detected 24 h after 6 h of acute hypoxia in photomicrographs comparing cortex (Fig. 3Ba,Bb) and hippocampus (Bc,Bd) in the same mice.
Role of NOS in activation of mitochondrial biogenesis by hypoxia
To determine whether NO regulates hypoxic activation of mitochondrial biogenesis in the brain, we blocked NOS activity by injection of Wt mice with the nonspecific NOS inhibitor L-NAME before hypoxia. In L-NAME-treated mice, hypoxia did not increase mRNA expression for PGC-1␣, NRF-1, NRF-2, or Tfam (Fig. 4 A) .
Because constitutive NOS inhibition with L-NAME prevented hypoxic induction of the mRNA for the major regulatory factors of mitochondrial biogenesis, a role for one or both constitutive isoforms was indicated. We used two NOS-deficient mouse strains, nNOS Ϫ/Ϫ (NOS-1) and eNOS Ϫ/Ϫ (NOS-3) to determine whether one isoform regulates mitochondrial biogenesis in acute hypoxia. We measured resting rCBF and PO 2 in the hippocampus to determine whether the values were comparable in the three strains of mice (Fig. 4 B) . The resting blood flow in hippocampus was 0.76 -0.81 ml ⅐ g Ϫ1 ⅐ min Ϫ1 and did not differ significantly among the Wt, nNOS Ϫ/Ϫ , or eNOS Ϫ/Ϫ animals. The rCBF responses to hypoxia/reoxygenation did not differ significantly in Wt and mutant mice. In all three strains, hippocampal PO 2 values were closely similar in mice breathing air (21% O 2 ). Within 15 min of ventilation with 8% O 2 , hippocampal PO 2 decreased to 6 -9 mmHg in all strains, where it remained for at least 15 min. After reoxygenation at 30 min, PO 2 returned to normal with a small and similar hyperemic overshoot in all three strains.
PGC-1␣, NRF-1, NRF-2, and Tfam mRNA expression was measured in the brains of the NOS-deficient mice after 6 h hypoxia and then 24 and 48 h after the onset of exposure. Figure 5A displays mRNA expression levels of transcriptional activators of mitochondrial biogenesis in eNOS Ϫ/Ϫ mouse brain before and after hypoxia. Basal levels of PGC-1␣, NRF-1, NRF-2, and Tfam mRNA expression, relative to 18S RNA, were less in eNOSdeficient mice compared with Wt mice (compare Fig. 1 A) , confirming a role for eNOS in basal maintenance of mitochondrial biogenesis in the subcortex. PGC-1␣ and NRF-1 mRNA expression increased by twofold in the eNOS Ϫ/Ϫ mice after 6 h hypoxia, remained elevated after 24 h, and returned to preexposure levels by 48 h (Fig. 5A) . As in the Wt, NRF-2 mRNA expression did not respond significantly to hypoxia. Tfam mRNA levels did not increase significantly in eNOS Ϫ/Ϫ mice (Fig. 5A ). Increased NRF-1 and PGC-1␣ correlated with increased mtDNA content assessed at 24 h after the onset of hypoxia when the increase in subcortical mtDNA content in the Wt strain was the greatest. In eNOS Ϫ/Ϫ
Figure 2. Western blot analysis for proteins involved in mitochondrial biogenesis in brain subcortex of Wt mice exposed to HH. A, B, Representative Western blots of PGC-1␣ expression (A) and CREB phosphorylation (B), in brain nuclear extracts of controls and mice after hypoxia (6 h). Histograms show densitometry values for PGC-1␣
and CREB relative to tubulin, expressed as means Ϯ SEM of four animals at each group (*p Ͻ 0.05 compared with control). C, Immunohistochemical localization of pCREB. Paraformaldehyde-fixed sagittal sections prepared from normoxic mouse brain and at 6 h after hypoxia were incubated with anti-pCREB. Controls (a) showed minimal pCREB staining in the dentate gyrus. After 6 h exposure to HH (b), numerous cells in the dentate gyrus showed robust staining for pCREB. Original magnification, 400ϫ. mice, the basal mitochondrial cytochrome b to 18S ratio was lower than in Wt mice, but these animals displayed an increase in mtDNA content at 24 h after hypoxia (Fig. 5B) . Densitometry of cytochrome b normalized to 18S rRNA showed a 1.7-fold increase ( p Ͻ 0.01) in mtDNA content. Also after 6 h of hypoxia, PGC-1␣ protein in eNOS Ϫ/Ϫ mice did not increase significantly relative to tubulin levels and compared with controls ( Fig. 6 A, B) .
Whether or not CREB activation during hypoxia is regulated by NOS was assessed by examining the role of eNOS in CREB activation. Significantly less pCREB protein was present in subcortex of normoxic eNOS Ϫ/Ϫ mice compared with the Wt (ϳ50%). However, eNOS Ϫ/Ϫ mice displayed a twofold increase in CREB phosphorylation after 6 h of hypoxia (Fig. 6 A, B) , similar to the Wt. These data indicate a constitutive role for eNOS in CREB activation in the subcortex but that it is not essential for the CREB activation in hypoxia. It is notable that, although the eNOS Ϫ/Ϫ mice did show augmentation of the mitochondrial biogenic program, the overall response was blunted compared with that of Wt mice, indicating that the basal capacity for biogenesis restricts the ability to develop a full response to a hypoxic preconditioning regimen.
Because eNOS did not explain the activation of mitochondrial biogenesis after hypoxia, we examined the nNOS-deficient mouse strain and observed a different mRNA expression pattern for the transcriptional program of mitochondrial biogenesis in the subcortex compared with eNOS Ϫ/Ϫ or Wt mice. Basal PGC-1␣, NRF-1, and NRF-2, and Tfam mRNA expression was similar to Wt mice and higher than in eNOS Ϫ/Ϫ mice. In contrast, however, these mice displayed minimal changes in PGC-1␣, NRF-1, NRF-2, or Tfam mRNA levels after 6 h hypoxia or at 24 h after the onset of the hypoxic exposure (Fig. 7A) . This translated to no significant change in mtDNA content in the nNOS Ϫ/Ϫ strain before and 24 h after hypoxia (Fig. 7B) .
A role for nNOS in CREB activation during hypoxia was checked next. Western analysis for PGC-1␣ protein expression and CREB phosphorylation in nNOS Ϫ/Ϫ mice showed no significant responses of these proteins after 6 h of hypoxia (Fig.  8 A, B) , indicating that nNOS was required for CREB activation by hypoxia. A summary of the mRNA, protein, and mtDNA responses in the three strains of mice is provided in Table 2 .
Role of protein kinase A in mitochondrial biogenesis
After finding an nNOS requirement for CREB activation and mitochondrial biogenesis in acute transient hypoxia, we investigated the cAMP/PKA signaling pathway as a possible regulator of CREB activation. This kinase is activated by hypoxia (Benzi and Villa, 1976) and plays a pivotal role in CREB phosphorylation (Gonzalez and Montminy, 1989) . Because phosphorylation of Thr 197 in the catalytic PKA subunit is necessary for maturation and optimal biological activity of the kinase (Steinberg et al., 1993) , we measured the phosphorylated PKA catalytic subunit by Western analysis in subcortical nuclear extracts of Wt and NOSdeficient mice before and after hypoxia. Hypoxia increased phospho-PKA level in the subcortex of Wt mouse brain after 6 h (Fig. 9A) . Basal brain PKA phosphorylation was lower in nNOS Ϫ/Ϫ mouse subcortex compared with Wt and eNOS Ϫ/Ϫ mice (Fig. 9) . However, neither the nNOS-nor eNOS-deficient strain showed PKA activation after hypoxia (Fig. 9 B, C) . Because these strains show divergent mitochondrial biogenesis responses, PKA did not appear to be a central regulator of the hypoxic response under the acute test conditions.
Discussion
This study reports three novel findings about the response of brain mitochondria to transient global hypoxia. First, our hypoxic regimen stimulates mitochondrial biogenesis in the brain subcortex by activating the nuclearencoded regulatory program for mitochondrial biogenesis, including the NRF-1 transcription factor, the PGC-1␣ coactivator, and the mitochondrial transcription factor Tfam. This program led to a subsequent increase in mtDNA content, especially in the hippocampus, which is especially vulnerable to hypoxic injury. Second, NOS enzyme activity is required for both the maintenance of mtDNA and the induction of mitochondrial biogenesis in brain subcortex by acute hypoxia. Third, the NO bioactivity for these two functions is specifically derived from different NOS isoforms. The acute and chronic adaptive responses to hypoxia include the initiation of gene transcription for proteins involved in angiogenesis, anaerobic glucose metabolism, and oxygen transport. These responses sustain O 2 supply to tissues and enhance cell survival during O 2 deprivation (Semenza and Wang, 1992; Levy et al., 1995; Bunn and Poyton, 1996; Wick et al., 2002) . We demonstrate for the first time that a sensitive brain region responds to acute hypoxia by activating critical nuclear and mitochondrial pathways for mitochondrial biogenesis. These responses are accompanied by increased mitochondrial DNA transcription and content, followed by structural evidence of neuronal mitochondrial biogenesis, demonstrated in the hippocampus using transgenic mice with GFP targeting to mitochondria (Shitara et al., 2001 ). This novel demonstration of the capacity to increase neuronal mitochondrial number and/or volume density in response to hypoxia indicates differential sensitivity of hippocampal neurons to acute hypoxia, likely reflecting phenotypic or functional differences among the cells.
Activation of only one of the two main nuclear respiratory transcription factors in the subcortex, NRF-1, is implicated in the hypoxic mitochondrial response. Although NRF-1 and NRF-2 both regulate aspects of mitochondrial biogenesis and binding sites for both are present in the promoter regions of many nuclear-encoded mitochondrial genes, including Tfam and several electron transport chain proteins (Scarpulla, 1997) , NRF-2 did not increase in brain subcortex after hypoxia. In contrast, we found previously that extreme hyperoxia activated both transcription factors in this same region in association with significant mitochondrial oxidative stress (Gutsaeva et al., 2006) . This indicates that both extremes of oxygen partial pressure activate parts of the transcriptional program for mitochondrial biogenesis but that the mechanisms and implications of hypoxia and hyperoxia are not the same.
The transcriptional activity of both NRF-1 and NRF-2 is enhanced by the PGC-1␣ coactivator in the process of mitochondrial biogenesis (Puigserver et al., 1998; Wu et al., 1999) . The PGC-1␣ requirement has been demonstrated in cultured myoblasts, cardiac cells, and brown fat tissue during adaptive thermogenesis (Puigserver et al., 1998; Wu et al., 1999; Lehman et al., 2000) . PGC-1␣ is widely expressed in rodent brain (Tritos et al., 2003) , and we found that, in the hippocampus, elevated O 2 increased its expression only after extreme hyperbaric hyperoxia (Gutsaeva et al., 2006) . The present data also suggest that PGC-1␣ helps coordinate gene activation and facilitate mitochondrial biogenesis in this brain region in hypoxia.
The nuclear transcriptional program activated by hypoxia includes Tfam expression, which heralded an increase in mtDNA content and confirmed effective nuclear-mitochondrial communication. Tfam is necessary for mtDNA replication and transcription (Parisi et al., 1993; Virbasius and Scarpulla, 1994; Larsson et al., 1998) , and, in addition to the brain after hyperbaria, it is activated in the heart and liver after lipopolysaccharide-induced mtDNA depletion (Suliman et al., 2003 (Suliman et al., , 2004 .
A highly novel aspect of this work is linkage of specific NOS isoforms to basal and inducible mitochondrial biogenesis in the brain. Although pronounced increases in NRF-1 and PGC-1␣ mRNA and mtDNA content were found in eNOS Ϫ/Ϫ mice after 6 h of hypoxia, Tfam mRNA levels responded, but increases in PCG-1␣ protein were not detected in this strain. Although eNOS-deficient mice might regulate mitochondrial biogenesis in response to hypoxia through PGC-1␣-independent mechanisms, increased protein levels may not have been detected because we focused on early events. However, eNOS Ϫ/Ϫ mice do show di- . L-NAME blocks mitochondrial biogenesis in brain subcortex in Wt mice exposed to HH, and PO 2 values are similar in Wt and NOS-deficient strains. A, Left, GelStar-stained 2% agarose gel of RT-PCR products for PGC-1␣, NRF-1, NRF-2, and Tfam RNA from subcortex of control and L-NAME-treated mice after HH. Right, Gene expression after normalization to 18S rRNA. Densitometry values are means Ϯ SEM of four animals at each time (no significant differences compared with control). B, Hippocampal PO 2 in Wt and eNOS Ϫ/Ϫ and nNOS Ϫ/Ϫ mice measured after 15 min breathing 8% O 2 and after return to 21% O 2 . PO 2 decreased equally after hypoxia, increased transiently after reexposure to 21% O 2 , and then returned to preexposure levels (*p Յ 0.01). minished brain mitochondrial biogenesis, and it is not surprising that some aspects of the hypoxia response would be attenuated or absent.
Hypoxia activates nNOS and increases its expression, thereby implicating it as an important trigger for the hypoxic responses in the nervous system (Castro-Blanco et al., 2003; Encinas et al., 2004; Mishra et al., 2006) . In other tissues, such as brown fat, NO derived from eNOS is required for basal and cold-induced mitochondrial biogenesis (Nisoli et al., 2003) . Here eNOS in the hippocampus was necessary for basal mitochondrial biogenesis, whereas nNOS was required for the hypoxic response. These data raise important questions about differential functions of the NOS isoforms in the brain, related for instance to differences in intracellular enzyme expression in different cell types, leading to spatial constraints on NO signaling pathways. It is also possible that nNOS has a lower K m for oxygen, allowing it to respond more robustly to hypoxia. Functional cAMP response element (CRE) sites are present in the promoter regions of nuclear-encoded mitochondrial genes such as cytochrome c (Gopalakrishnan and and manganese superoxide dismutase (Bedogni et al., 2003) , as well as the PGC-1␣ coactivator gene (Herzig et al., 2001 ). Thus, the prosurvival transcription factor CREB is a candidate sensor for energy insufficiency and has been implicated in support of mitochondrial biogenesis (Herzig et al., 2000) . During hypoxia, CREB activation in the mouse brain correlates with mitochondrial biogenesis and requires nNOS. CREB is also upregulated in hypoxia in other tissues through NOdependent mechanisms (Beitner-Johnson and Millhorn, 1998; Mishra et al., 2002) . In the brain, nNOS overexpression in neuronal cells enhances CREB activity and promotes cell survival (Ciani et al., 2002b) , and, in cortical and hippocampal neurons, NO promotes CREB binding to CRE promoter sites through S-nitrosylation of nuclear proteins that associate with CREB target genes (Riccio et al., 2006) .
In neurons, CREB activity is regulated by phosphorylation via several kinases, including PKA, Akt/PKB, PKC, and calcium/ calmodulin-dependent kinase (for review, see Vo and Goodman, 2001; Lonze and Ginty, 2002) . Thus, NO-dependent CREB activation could occur in hypoxia by any of several mechanisms, including S-nitrosylation or activation of cAMP and cGMP pathways. We investigated one possibility, that CREB activation was cAMP/PKA dependent, because PKA is activated by loss of mitochondrial function and energy depletion (Benzi and Villa, 1976) . We observed that nNOS is important for basal PKA activation in the subcortex, raising the possibility of crosstalk between cyclic nucleotides pathways, for instance, by a cGMP influence on cAMP hydrolysis through the phosphodiesterases (Steinberg et al., 1993; Sutor et al., 1998; Pelligrino and Wang, 1998) . We also found, however, that the PKA response during hypoxia was absent in both NOS knock-out strains. Because Wt and eNOS Ϫ/Ϫ strains had comparable increases in pCREB in hypoxia, an alternate pathway of CREB activation by hypoxia is implicated in eNOS Ϫ/Ϫ mice. Moreover, because nNOS-and eNOS-deficient strains display similar depression of PKA activation, alternate pathways of NOS-mediated activation of mitochondrial biogenesis in eNOS Ϫ/Ϫ mice are likely. The sGC/cGMP/PKG pathway is a potential candidate for regulating hypoxic activation of mitochondrial biogenesis. In some non-neuronal tissues, PKG mediates NOS-mediated mitochondrial biogenesis (Nisoli et al., 2003) . PKG also directly regulates CREB in vitro and indirectly in vivo through NOcGMP activity Yang et al., 2002) ; this can upregulate prosurvival mitochondrial proteins and is involved in hypoxic preconditioning in some tissues (Chiueh et al., 2005) . NO-dependent PKG activation has also been implicated in CREB phosphorylation and survival of cerebellar granule cells (Ciani et al., 2002a) . In neurons, sGC inhibition diminishes pCREB levels and the protective effects of nNOS overexpression (Ciani et al., 2002b) .
Finally, it should be said that the activation of mitochondrial biogenesis after acute transient hypoxia does not necessarily predict the response to prolonged hypoxia. An increased mitochondrial mass early in hypoxia could indicate that new or remodeled mitochondria are distributed differently either with respect to capillaries or to meet different functions in various cells in hypoxia. For the first possibility, the transcription factor NRF-1 does regulate several of the mitochondrial fission and fusion genes, and it is feasible, but unknown, whether it regulates mitochondrial position in the cell. Although we did not examine whether mitochondrial biogenesis occurs in areas close to blood vessels, we did see that it occurs in specific regions and individual cells, suggesting that the response is attributable to changes in the distribution of energy-requiring functions. For the second possibility, it is reasonable that some older mitochondria are relieved of work, whereas new ones take on extra work somewhere else. This means the CMRO 2 could remain stable while the work distribution changes. Once hypoxia is relieved, the brain would gradually de-adapt; however, if hypoxia is prolonged, original "normoxic" organelles may undergo mitophagy, in which case, the chronic picture may look quite different. Moreover, new mitochondria may have unique phenotypes in hypoxia (Fukuda et al., 2007) , perhaps younger organelles are more efficient or better at nonenergy-producing functions thus providing an advantage.
In summary, we report that a representative hypoxia preconditioning regimen stimulates mitochondrial biogenesis in the brain subcortex of mice in part by upregulation of PGC-1␣, NRF-1, and Tfam. The process is NO dependent and is mediated by the nNOS isoform. Moreover, NO signaling of mitochondrial biogenesis in hypoxia appears to be linked to CREB-stimulated target gene transcription. These cellular responses appear to be a Figure 9 . PKA phosphorylation in brain subcortex after hypoxia. Western analysis for total and phosphorylated PKA catalytic subunit in brain nuclear extracts of Wt (A), eNOS Ϫ/Ϫ (B), and nNOS Ϫ/Ϫ (C) mice. For all three strains, brain nuclear extracts of controls (0 h) and mice after 6 h hypoxia were probed with phospho-PKA antibodies and compared with total PKA and tubulin expression.
part of a regional adaptive program to optimize oxygen utilization, energy production, and/or mitochondrial phenotype during cerebral O 2 limitation.
